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A b s t r a c t
The paper presents an application of  large eddy simulations  to predict a course of precipitation process 
carried  out  in  selected  types  of  jet  reactors.  In  the  first  part  of  this work  the  simulations  results were 
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1. Introduction
Precipitation of  sparingly  soluble materials  is  an  important unit operation  in chemical 
engineering  practice. The  process  of  precipitation  involves  a mixing  controlled  chemical 
reaction and subsequent crystallization of the product, which includes nucleation and growth 
of particles [1, 2]. The solid product has often a wide crystal size distribution (CSD), which 
determines  its  quality. Another  factor  affecting  the  product  quality  is  the morphology  of 
precipitating particles. Both the CSD and morphology can strongly depend on the method 
of  contacting  reactants  and  mixing  conditions  during  the  process.  This  results  from  the 




simulation  (LES)  is  a very attractive method  for  simulations of a  reactive flows  for wide 
range  of Reynolds  number  values. The  effects  of  the  large  scales    are  directly  computed 
and the small subgrid scales are modelled. Small scales tend to be more isotropic then the 
large ones so it is easier to predict  their behavior using simpler and universal subgrid (SGS) 











The  fluid  velocity  was  measured  using  the  Particle  Image  Velocity  (PIV)  technique 
and  the  passive  tracer  concentration  was  determined  using  the  Planar  Laser  Induced 















The  subgrid  concentration  variance  ′σ 2   was  predicted  by  assuming  that  the  small 
scale statistics can be inferred from the large scale statistic [4]:
 ′ ′ = −σ σ2 2 2 2» c c f f( )
 
  (2)
where ~  denotes  the  test-filtered  value,  computed  by  applying  the  test  filter  (test-filter 













4. Results and discussion
Figure 2 presents exemplary distributions of  the measured and predicted values of  the 
mixture  fraction variance  in  the  symmetric T-mixer  for Re
jet
  =  4000. Agreement  is  good, 
which  validates  the models  and  numerical  grid. Values  of  the  numerical  simulations  are 
similar  but  variance  calculated  using  LES  predicted  shape  of  distribution  more  similar 
to the experimental results for whole range of the Reynolds number values.
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The  reactor was  fed with  the  sodium  hydroxide  solution  through  the  feed  pipe,  inlet 
A, whereas the premixture of hydrochloric acid   and ethyl chloroacetate   was fed through 
inlet B as shown in Fig.1. The concentration of the ethyl chloroacetate was measured before 
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j( )   (5)
where c  denotes filtered value. The first reaction is assumed to be instantaneous The rate of 
the second reaction is given by:
 r k c c k c f c f f d2 2 2
0
1
= = ∫NaOH CH ClCOOC H NaOH CH ClCOOC H2 2 5 2 2 5( ) ( ) ( )Φ f   (6)
where k
2
 = 0,023 m3 mol‒1 s‒1 and reactant concentration c
j
  for  a mixture defined by  f  is 
predicted by linear interpolation:
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The  RANS  model  was  completed  with  the  non-equilibrium  multiple-time-diffusion 
model  ‒  turbulent  mixer  model  (TMM)  [7]  and  the  conditional  moment  closure  [1,  8]. 
Comparison of  the predictions of both models, LES and RANS with experimental data  is 
presented in Fig.3.
One can see  that predictions of both models give  tendencies observed  in experiments, 






 only,  the second one  is  that very  fast  reactions characterized 
by very small  time constants are considered here, and such reactions are very sensitive to 
details of micromixing.
In  the  case  of  crystallization  process  the  precipitation  of  barium  sulphate  from  two 
water solutions of sodium sulphate and barium chloride was considered:
 BaCl Na SO BaSO NaCl22 4 4 2+ → ↓ +  
This  is  a  classical  test  system  for  precipitation  of  sparingly  soluble  product  P  from 
liquid ionic solutions A and B [9‒12]:





+ −+ → ↓












 Dc c c KA B S= −   (8)
where KS  is  the concentration  solubility product  for BaSO4. The  local  instantaneous  rates 
of  nucleation  and  crystal  growth depended on  two  local  instantaneous  values  of  the  ions 
concentrations cA and cB. Other parameters, like temperature or solvent composition, were 
constant in our considerations.
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process. Therefore,  the  rate  of  the  crystal  growth G  depended on  the  ions  concentrations 
in the solution, cA and cB, and on the ions concentrations at the crystal surface, cAi and cBi:
 G k c c K k c c k c cr Ai bi S D A Ai D B Bi= − = − = −( ) ( ) ( )
2   (10)
The  rate  constant  for  the  surface  integration  step  kr =  0.058  [(m  s
‒1)(m6 kmol‒2] was 
given by Nielsen [13] and the coefficient kD was equal to 10
‒4 [(m s‒1)(m3 kmol‒1)] [10].
Microphotographs  of  the  product  showed  no  aggregates  in  the  samples.  That  is  way 
the  nucleation  and  crystal  growth  only  were  considered  in  the  population  balance  of 
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where 〈 〉  denotes  local  mean  value, m
j
 is the j-th  moment  of  number  distribution 
of  characteristic  particle  size  L, upi  is  component  of  particle  velocity  and Dp  is  particle 
diffusivity. In the closure procedure [10, 15] the concept of the mixture fraction f is used. 
The local instantaneous value of the nucleation rate reads:
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where rP and MP  are  density  and molar mass  of  precipitating  product  (BaSO4)  and  ka is 
surface shape factor of crystals.
In  the  case  of  large  eddy  simulation  of  precipitation  process  the  subgrid  fluctuations 
were  neglected.  Based  on  the  time  constant  analysis Makowski  et  al.  [16]  have  shown, 
that  if  the  time  constant  for  inertial-convective  process  and  characteristic  time  constant 

























































The  LES  and  k‒e  models  were  applied  to  simulate  two  complex  processes  (parallel 
chemical reactions and precipitation) in two T-mixers. The PIV and PLIF techniques were 
applied  to  validate  numerical  results.  Presented  here  and  earlier  [16]  results  show  that 
LES modelling  gives  better  results  especially  for  low Reynolds  numbers. This  illustrates 
importance of effect of large scale inhomogeneities that are predicted by LES and neglected 
by RANS. The second explanation for these differences results from theory of the k‒e model 
that was  developed  for  fully  turbulent  flow.  For  higher  Re
jet
  both models  predict  similar 
results.
This work was supported by the by National Science Centre (Decision No DEC-2013/09/B/ST8/02869).
R e f e r e n c e s
[1] Bałdyga J., Bourne J.R., Turbulent Mixing and Chemical Reactions, Wiley, Chichester,1999.
[2]  Söhnel O., Garside J., Precipitation, Butterworth-Heinemann, Oxford,1992.
[3]  Jaworski Z., Numeryczna mechanika płynów w inżynierii chemicznej i procesowej, Akademicka 
Oficyna Wydawnicza EXIT, 2005.
[4] Cook A.W., Riley J.J., A subgrid model for equilibrium chemistry in turbulent flows, Phys. Fluids, 
vol. 6, 1994, 2868-2870. 
[5] Michioka T., Komori S., Large-Eddy Simulation of a turbulent reacting liquid flow, AIChE J., 
vol. 50, 2004, 2705-2720.
[6] Makowski Ł., Bałdyga  J., Large Eddy Simulation of mixing effects on the course of parallel 
chemical reactions and comparison with k–e modeling, Chemical Engineering and Processing: 
Process Intensification, vol. 50, 2011, 1035-1040.
[7]  Bałdyga  J., Turbulent mixer model with application to homogeneous, instantaneous chemical 
reactions, Chem. Engng Sci., vol. 44, 1989, 1175-1182.
[8]  Bałdyga J., Makowski Ł., CFD modelling of mixing effects on the course of parallel chemical 
reactions carried out in a stirred tank, Chem. Eng. Technol., vol. 27, 2004, 225-230.
[9]  Bałdyga J., Podgórska W., Pohorecki R., Mixing-precipitation model with application to double 
feed semibatch precipitation, Chem. Engng Sci., vol. 50, 1995, 1281-1300.
[10]  Bałdyga  J.,  Orciuch,  W.,  Closure problem for precipitation,  Transactions  of  the  Institution 
of Chemical Engineering, vol. 75A, 1997, 160-170.
[11] Wong D. C. Y., Jaworski Z., Nienow A. W., Effect of ion excess on particle size and morphology 
during barium sulphate precipitation: an experimental study, Chem. Engng Sci., vol. 56, 2001, 
727-734.
[12]  Marchisio D. L., Barresi A. A., Garbero, M., Nucleation, growth and agglomeration in barium 
sulfate turbulent precipitation, AIChE Journal, vol. 48, 2002, 2039-2050.
[13]  Nielsen A. E., Electrolite crystal growth mechanisms, Journal of Crystal Growth, vol.67, 1984, 
289-310.
[14] Hulburt  H.  M.,  Katz  S.,  Some problems in particle technology ‒ a statistical mechanical 
formulation, Chem. Engng Sci., vol. 19, 1964, 555-547.
[15] Bałdyga J., Orciuch W., Barium sulphate precipitation in a pipe ‒ an experimental study and 
CFD modelling, Chem. Engng Sci., vol. 56, 2001, 2435-2444.
104
[16] Makowski Ł., Bałdyga  J., Large Eddy Simulation of mixing effects on the course of parallel 
chemical reactions and comparison with k–e modeling, Chemical Engineering and Processing: 
Process Intensification, vol. 50, 2011, 1035-1040.
